Detailed measurements were carried out on a large scale solar heating plant located in southern Denmark in order to evaluate thermal performances of the plant. Based on the measurements, energy flows of the plant were evaluated. A modified Trnsys model of the Marstal solar heating plant was developed to calculate thermal performances of the plant. In the Trnsys model, three solar collector fields with a total solar collector area of 33,300 m 2 , a seasonal water pit heat storage of 75,000 m 3 , a simplified CO 2 HP, a simplified ORC unit and a simplified wood chip boiler were included. The energy consumption of the district heating net was modeled by volume flow rate and given forward and return temperatures of the district heating net. Weather data from a weather station at the site of the plant were used in the calculations. The Trnsys calculated yearly thermal performance of the solar heating plant was compared to the measurement results. Validity of the Trnsys model was analyzed. Recommendations are given with aim to develop a Trnsys model that can be used to optimize design of a solar heating plant under different scenarios.
Introduction
Modern district energy systems supply heating and cooling services using technologies and approaches such as combined heating and power (CHP), thermal storage, large scale heat pumps and solar heating. District energy creates synergies between supply and demand of process heating and cooling, space heating, cooling, domestic hot water and electricity. Tackling the energy transition of district heating to a sustainable future will require the intelligent use of synergies, flexibility, and short and long term energy storage solutions (Lund etc. 2014) .
Denmark is one of the leading countries in district heating. Around 60% of Danish buildings are connected to district heating and district heating covers more than 50% of the total heating demand of Denmark (Nussbaumer & Thalmann 2014) . The development of Danish district heating targets the transition from current 3rd generation district heating to the future 4th generation low temperature district heating with a large share of renewable energies. In 2009, a total of 54,500 m 2 of solar collectors was installed in Denmark, of which 35,000 m 2 , i.e. 64%, were used in large solar district heating systems. In 2015, the solar collector areas installed in solar district heating plants reached 241,000 m 2 , increased by 342% in six years. Supplemented by cogeneration technologies for biomass and large scale heat pumps fueled by electricity from wind power, it is possible to achieve a district heating and cooling system with 100% renewable energy. In these large scale solar heating plants, seasonal water pit thermal energy storages (PTES) are implemented. PTES is a viable solution of thermal energy storage both economically and environmentally since it is simple in construction and relatively cheap. Larger storage volumes lead to increased efficiency in practice, since the heat losses do not increase with the volume proportionally. With a large water pit heat storage, solar fraction of a district heating system could be significantly increased to for example 50% of the heat demand of the local areas. Thermal behaviors of water pits have been investigated both experimentally and theoretically. Kielsgaard Hansen et al. (1983) investigated first a small 500 m 3 pilot water pit heat storage at the campus of the Technical University of Denmark. Later, Kübler etc. (1997) presented investigations on a pilot heat storage of about 600 m 3 volume built in Rottweil. The pilot heat storage was applied as short term storage in connection with a combined heat and power (CHP) plant. The storage container was made of concrete with a stainless steel liner and mineral wool as insulation. The aim of the paper was to demonstrate the feasibility of the technology and to gain practical experience for the construction of larger stores. A gravel /water storage pit was built in Steinfurt, Germany (Pfeil M. 2000) . The ecological compatibility of the used materials in the storage was proved. Another focus of the paper was analysis of the cost-reduction potential of the PTES (Pfeil M. 2000) . Thermal behavior of a model PTES was experimentally investigated in a test rig and numerically investigated by means of CFD simulations (Change and Wu, 2017) . The investigated PTES was a scaled down model that facilitates measurements on a test rig. Thermal behaviors of large solar district heating plants in real operation were not found.
The aim of the paper is to investigate thermal behaviors of the Marstal solar heating plant. The operation of the solar heating plant was monitored in detail in the period 2014-2016. Temperatures and fluid volume flow rates of the solar collector fields, the PTES storage, the heat pump and the district network were measured constantly. Energy flows in the plant were analyzed. A Trnsys (Trnsys 2015) simulation model of the solar heating plant is developed to investigate thermal performances of the plant. The calculated energy flows will be compared to the monitored energy flows with an aim to validate the simulation model. Recommendations are given with an aim to develop a Trnsys model that can be used to optimize design of a solar heating plant under different scenarios in terms of levelized cost of heat (LCOH).
Monitoring of the plant operation
As shown in Table 1 , the Marstal solar heating plant ( Weather data including total solar irradiance, diffuse solar irradiance and ambient air temperature from a weather station at the site of the plant were used in the calculations. In order to eliminate influence of initial conditions of the water pit heat storage, calculations were repeated for 2 years with a time step of 1 hour. Result from the 2nd year was used for analysis. In the solar collector field model developed in Trnsys, parameters such as coefficients of the collector efficiency expressions, collector area, collector orientation, collector inclination and number of collectors per row are used as inputs. The following collector efficiency expression is used in the model. Table 2 show the coefficients of efficiency expressions for the collectors used in the solar collector fields. Collector efficiency for the collector field 1 is taken from a test report issued in 1991 (Fan etc., 2009) . Collector efficiency expression of the collectors in the collector field 2 was reported by Vejen (2004 The water pit thermal storage was modeled in Trnsys with a 2D multi-node storage model that includes both the water volumes at different layers but also the ground soil around the storage. The Trnsys calculations starts with an uniform temperature of 35ºC for the store as the initial condition. Initial temperature of the ground was 8ºC.
Yearly thermal performances of the solar heating plant calculated by the Trnsys model were compared to the measurement results. Preliminary results calculated by the Trnsys model were analyzed.
Thermal performances of the solar collector fields

Analysis of the collector fields by the input/output method
Thermal performance of the solar collector fields were calculated by the Trnsys model with a time step of 1 hour. Fig. 3 shows the collector energy output of the solar collector field 1 in kWh/m 2 /day as a function of the total solar radiation in kWh/m 2 /day. It can be seen in Fig. 3 that there is a 2nd order polynomial function between the modeled collector field output and the total solar radiation on the collector panels. This is in good agreement with the collector efficiency expressions used in the calculations. The modeled outputs are however a bit scattered, which means that for the same total solar radiation on the collector panel the collector energy outputs are different. A possible explanation could be the varying collector fluid temperatures during operation. Even though there is the same total solar radiation on the panel the collector fluid temperature might vary depending on temperatures of the storage. A higher temperature of the storage means a higher temperature at the inlet of the collector field and thus a lower energy output of the field, vice versa. The measured collector outputs have a much larger deviations, most likely due to differences in collector operating temperatures and/or failures in operations of the systems. For instances there were some days with a daily total solar radiation in the range 3.5-5.5 kWh/m 2 /day, however the collector outputs of the field were almost zero, indicating there was a failure or disturbance in the collector field operation. There are also points with a significantly lower collector energy output than the modeled values, which could be caused by differences in collector inlet temperatures, uneven flow distribution among collector rows or malfunction of the controller etc. For the days when the collector field was in a good operation, the collector energy output follows nicely the trend with the simulations. The modeled and the measured collector energy output for the collector field 2 are shown in Fig. 4 . There is a similar trend between the modeled collector energy output and the total solar radiation on the collector surface as it is for the collector field 1. With a change of the total solar radiation, the measured collector field output follows nicely a similar trend line as the modeled output does. The measured output has deviations of similar magnitude as the calculations. It is indicated that the solar collector field 2 has a much steadier operation than the solar collector field 1. It is shown that the solar collector model used in Trnsys is able to predict thermal performances of the solar collector fields with an acceptable accuracy. 5 shows the modeled and the measured collector energy output for the collector field 3 installed in the Sunstore 4 project. There is a similar trend between the modeled collector energy output and the total solar radiation on the collector surface as for the collector field 1 and 2, but the deviations of the data points are much larger. That indicates larger variations of collector field output for the same total solar radiation, which could be caused by large temperature variations at the bottom of the water pit thermal storage. Since the collector field 4 is connected to the water pit thermal storage, water is taken from the bottom of the water pit and is circulated through the solar collector field 4. Water temperature at the bottom of the water pit has a larger variations throughout the year. In summer or autumn when the water pit is almost fully charged, there is a higher temperature at the bottom of the water pit, for instance, 40-50ºC, while in Spring or winter when the water pit thermal storage has been discharged, there is a lower temperature at the bottom of the water pit, for instance, 20-30ºC. A temperature difference of 20 K or more will result in different collector energy outputs even though the total solar radiation on the collector panels is the same. Deviations of similar magnitudes are also seen in the measured collector output that proves conclusion of the simulations. A detailed investigation on individual days is therefore necessary in the future in order to understand thermal behaviors of the solar collector field. 
Daily collector energy outputs throughout the yearly
It is important to examine thermal behaviors of the collector fields throughout the year. Fig. 6 shows the measured and the calculated collector outputs [kWh/m 2 /day] throughout the year for the Sunstore 1 Collectors. Not surprisingly there is a large variation of collector energy output throughout the year. At the start of the year, there was almost no solar heat produced by the field. After the middle of March, a significant increase of collector output is seen due to increasing solar irradiance in late spring. Throughout the summer and even late autumn there are notably solar heat gains. The daily energy output of the collectors lies in the range 0.5-3.0 kWh per m 2 . The calculated energy output agrees quite well with the measured ones, except an overestimation of the model occasionally in the summer and in the autumn (October). The measured and the calculated collector outputs for the collector field 2 and 3 are shown in Fig. 7 and 8 respectively. The Trnsys collector model predicts satisfactorily the energy outputs from the solar collector fields. 
Yearly collector energy outputs
The energy outputs of the collector fields are summarized and presented in Fig. 9 . It is shown that the yearly energy outputs of the solar collector fields predicted by the Trnsys model agree well with the measured values. For the solar collector field 1, the Trnsys model predicts a yearly energy output of 3320 MWh in comparison to a measured value of 3430 MWh. The deviation is 110 MWh, corresponding to a relative error of 3%. For the solar collector field 2, the accumulated energy output is measured to be 3617 MWh per year, while the Trnsys model calculates an energy output of 3600 MWh per year with a deviation of less than 1%. For the solar collector field in Sunstore 4, the measured and modeled energy outputs are respectively 5620 and 5624 MWh. Heat losses through the connection pipes account for 5-10% of the energy gain of the field and are therefore subtracted in the energy calculations. It can be concluded that the Trnsys model can predict satisfactorily the yearly energy outputs of the solar collector fields. 
Thermal performances of the water pit thermal storage
Thermal behaviors of the water pit thermal storage are investigated experimentally by the monitored data and numerically by the Trnsys model. Fig. 10 shows a comparison of the measured and the calculated charge power of the PTES. A charge power of up to 55 MW was observed in the measurement in the middle of June because in June 2015 there was a lower consumption in the district heating net while on the other hand the solar irradiance was quite high. The Trnsys model underestimates the charge power of the PTES with a difference up to 12 MW. The significant error of the model is most likely caused by wrong prediction of water temperatures in the PTES, which could be a consequence of oversimplified models used in the calculations. Detailed investigation is therefore suggested for the future to identify the cause of errors. During the winter when there is a low solar irradiance, the model seems to overestimate the charge power. Fig . 11 show the measured and the modeled temperatures in the water pit thermal storage throughout the year. The measured temperature were shown as square or triangle dots. At the start of the year, there was a measured temperature of 62ºC at the top of the PTES, while the temperature is measured to be around 30ºC at the bottom of the PTES. Since there was a quite high temperature at the top of the PTES, heat was directly taken from the top of the PTES and was mixed with hot water produced by the wood chip boiler or the backup oil burner so a mixed temperature of around 75-77ºC can be achieved for the district heating net. The direct discharge of the PTES continues except when temperatures at the top of the PTES drops below 50-55ºC or when price of electricity is sufficiently low. In that case, the heat pump will operate in order to utilize heat in the PTES with medium or low temperatures. The operation of the heat pump created a sudden decrease of temperatures at the bottom of the PTES. For instance, in the period from March 14 to March 21 there was a significant decrease of water temperatures at the bottom of the PTES. Due to discharge by heat pump, water temperatures at the top of the PTES was significantly decreased as well. In the middle of April the PTES reached a uniform temperature of 31-33ºC. After the middle of April thermal stratification was built up again by the use of heat pump since temperature of the water flowing from the heat pump back to PTES was much lower than 30ºC. The strategy for the discharge procedure was to extract heat from the PTES as much as possible. The benefit of the use of heat pump in April was not only a higher utilization ratio of the stored heat but also an empty PTES to store more solar heat. After the middle of May, temperatures in the store gradually rise up. At the start of October, the PTES reaches the highest heat content. In the period OctoberDecember water temperatures in the store were kept quite constant.
The Trnsys modeled store temperatures were shown in curves in Fig. 11 . It can be seen that the modeled temperatures follows the trend of developments as shown by the measurements. However there is quite a large difference between the modeled and the measured store temperatures, especially after the middle of April when heat pump cooled down the whole store to much lower temperatures. The likely cause of the difference could be oversimplification of the heat pump model or the control algorithm used in the Trnsys calculations. For an example, the operation of ORC unit has a significant influence on temperatures of the store since the ORC unit will be cooled by the store if there is not sufficient consumption of the district heating net. Whether the ORC unit will operate or not depends on an economical analysis of electricity generation by the manager of the plant. A detailed decision making algorithm for operation of ORC was difficult to obtain so the Trnsys model was not able to accurately determine the operation time of the ORC unit. 
Conclusions
Detailed measurements were carried out on the Marstal solar heating plant. Based on the measurements, energy flows in the plant were calculated and thermal performance of the plant was analyzed. The monitored energy flows were compared to the energy flows calculated by a simplified Trnsys model of the plant. Preliminary results show that the Trnsys model predicts satisfactorily energy output of the solar collector fields. A max. deviation of 3% between the measured and the modeled energy output of the field was observed. A comparison between the measured and the modeled water temperatures in the PTES shows that the Trnsys model is able to predict the trend of temperature development in the store but fails to reproduce temperatures of the store especially in the period May-August. A likely cause of the error could be oversimplified heat pump model, inaccurate plant control algorithm etc. Detailed investigation is therefore suggested for the future to improve the Trnsys model with a focus on the interaction between the heat pump, the ORC unit, the collector field and the store and on accurate inputs of boundary conditions of the model. The ultimate goal is to develop a Trnsys model that can be used to optimize design of a solar heating plant in terms of levelized cost of heat (LCOH).
